ABSTRACT: Bulk gold shows photoluminescence (PL) with a negligible quantum yield of ∼10 −10 , which can be increased by orders of magnitude in the case of gold nanoparticles. This bears huge potential to use noble metal nanoparticles as fluorescent and unbleachable stains in bioimaging or for optical data storage. Commonly, the enhancement of the PL yield is attributed to nanoparticle plasmons, specifically to the enhancements of scattering or absorption cross sections. Tuning the shape or geometry of gold nanostructures (e.g., via reducing the distance between two nanoparticles) allows for redshifting both the scattering and the PL spectra. However, while the scattering cross section increases with a plasmonic redshift, the PL yield decreases, indicating that the common simple picture of a plasmonically boosted gold luminescence needs more detailed consideration. In particular, precise experiments as well as numerical simulations are required. Hence, we systematically varied the distance between the tips of two gold bipyramids on the nanometer scale using AFM manipulation and recorded the PL and the scattering spectra for each separation. We find that the PL intensity decreases as the interparticle coupling increases. This anticorrelation is explained by a theoretical model where both the gold-intrinsic d-band hole recombination probabilities as well as the field strength inside the nanostructure are considered. The scattering cross section or the field strength in the hot-spot between the tips of the bipyramids are not relevant for the PL intensity. Besides, we not only observe PL supported by dipolar plasmon resonances, but also measure and simulate PL supported by higher order plasmonic modes. KEYWORDS: Gold nanoparticles, photoluminescence, AFM-manipulation, plasmonics, hot-spot, field enhancement In the case of gold nanostructures, an additional channel of radiative emission is opened with the transient excitation of a localized plasmon as an intermediate step. 4−6 This plasmonassisted process is by orders of magnitude more favorable than the direct radiative recombination of a d-band hole with an spelectron, and hence the luminescence yield is increased by orders of magnitude in the case of gold nanoparticles. 3,5,7−16 Therefore, and because luminescence from gold nanostructures does not suffer from irreversible photobleaching, 17 gold nanoparticles bear huge potential as dyes in bioimaging 18, 19 or for optical data storage. 
recombine with an sp-band electron. Both steps, scattering within the d-band and recombination, are prone to losses and hence the overall quantum yield is in the range of ∼10 −10 only. 1 In the case of gold nanostructures, an additional channel of radiative emission is opened with the transient excitation of a localized plasmon as an intermediate step. 4−6 This plasmonassisted process is by orders of magnitude more favorable than the direct radiative recombination of a d-band hole with an spelectron, and hence the luminescence yield is increased by orders of magnitude in the case of gold nanoparticles. 3,5,7−16 Therefore, and because luminescence from gold nanostructures does not suffer from irreversible photobleaching, 17 gold nanoparticles bear huge potential as dyes in bioimaging 18, 19 or for optical data storage. 20 Reports on PL from individual nanoparticles with various shapes comprise nanorods, 8 nanocubes, 19 nanobipyramids (BPs), 16, 21, 22 and nanostars. 22 Studies on PL from plasmonically coupled pairs (sometimes trimers) of nanoparticles are so far limited to lithographically fabricated dimers 23−28 or pairs of spherical nanoparticles formed in solution with fixed interparticle distances. 29−31 Alternatively, the PL from gold nanoparticles with localized plasmons Figure 1 . Photoluminescence of gold. Experimental PL spectrum of a gold thin film, excited at 405 nm. (Inset) PL from bulk gold evolves from a three-step process: A d-band hole is created via 405 nm excitation, scatters within the d-band to a state below filled sp-band states, and subsequently recombines radiatively with an sp-electron.
coupling to propagating plasmons of a thin gold film at a fixed distance was investigated. 32, 33 Rash explanations for the impressive enhancement of the PL efficiency in the case of nanostructures compared to bulk gold are commonly given by arguing that the PL from gold is substantially enhanced for those wavelengths, where the PL emission wavelength coincides with the Mie-scattering spectrum of the nanostructures or, in the case of assemblies of nanoparticles, where the hot-spots between the nanoparticles spectrally fit the PL in a similar way, as an increased hot-spot intensity enhances Raman scattering, coupling to fluorophores, or enables nonlinearities. 34, 35 However, some experimental reports gave hints that such explanations are premature. For instance, Mohamed et al. observed that the redshift of the extinction spectrum of gold nanorods with increasing rod length is much more pronounced than the redshift of the PL. 8 Further, it was recognized that a redshift of the scattering spectrum (due to gradual changes in geometry of gold nanostructures) is associated with a decrease of the PL intensity, while the scattering intensity increases 15, 25, 33 and while the absorption strength remains largely unchanged. 30 Only recently, it was pointed out by Lumdee et al. 32 and Andersen et al. 33 (following original ideas from Boyd et al. 3 ) that the PL yield should follow the integral of the electric field squared inside the gold nanostructures as well as the goldintrinsic d-hole recombination rate rather than scattering strengths or hot-spot intensities. However, their experiments were restricted to a single distance between a localized particle plasmon and a thin film surface plasmon.
In this Letter, we systematically investigate the PL from one and the same pair of BPs for different tip-to-tip distances, which is manipulated with nanometer accuracy using the cantilever of an atomic force microscope (AFM). We find that the PL redshifts and diminishes with decreasing tip-to-tip distance, which is in good agreement with numerical simulations considering the gold-intrinsic d-hole recombination strength and the electric field inside the BPs, not only for the fundamental in-phase dipole coupling between the two BPs, but also for higher order coupled plasmonic modes, which to the best of our knowledge has not been observed in such detail before.
We used the cantilever of the AFM to mechanically position 37−40 two nearly identical BPs, so that the BPs are aligned collinearly along their long axes and we subsequently varied the tip-to-tip distance between the BPs. This allows for varying and controlling the distance between the nanoparticles with nm accuracy, which is 1 order of magnitude more precise compared to typical precisions achieved in electron beam lithography. 23, 25 In addition, the specific BPs' morphology allows forming dimers in three configurations, namely adjacent tips down (Down−Down), adjacent tips up (Up−Up), or one tip up, one down (Up−Down) (Figure 2a) . Figure 2b ,c shows AFM-topography images and height profiles, respectively, of the same dimer in the three configurations.
After each manipulation step, the dark-field scattering and PL spectra were taken with an inverted microscope underneath the AFM. Figure 3a shows the measured dark-field scattering spectra of the BP dimer in Up−Up configuration for different interparticle distances d. Details on retrieving interparticle distances can be found in the Supporting Information. Decreasing the interparticle distance leads to a redshift of the scattering spectra and a correlated redshift of the PL spectra ( Figure 3b ). Nevertheless, the PL is slightly blueshifted with respect to the scattering spectrum 10, 15, 24, 25, 30 except for the closest distance. Most interestingly, the PL intensity is significantly decreased for decreasing distances d; this is in contrast to the scattering intensity, which increases with decreasing d. Figure 3 panels d,e and g,h shows the experimental scattering and the PL spectra in the case of Up−Down and Down−Down geometries, respectively. Note that in the Up−Down case, negative distances are possible 41 and have been realized. Again, the main PL maxima spectrally redshift but become less pronounced with decreasing distance, which is in anticorrelation with the scattering intensity.
In order to gain deeper insights into the anticorrelation between scattering strength and PL amplitude, we calculated the PL of the dimers of BPs using the PL of a smooth film ( Figure 1 ) and the electric field inside the nanoparticles as input. In the case of a two-level system emitting at frequency ω em , Fermi's golden rule tells that the fluorescence emission is proportional to the transition matrix element (an intrinsic feature of the emitter) and the density of electromagnetic states into which the created photons emit. PL from bulk gold is substantially more complicated but still can be sorted into two components, one (F(ω em )) representing all material-associated contributions (intrinsic feature of the gold) and one (G(ω em )) reflecting the emission of a photon out of the material into free space. F(ω em ) is given by 3 F(ω em ) = D(ω em )·M(ω em ), whereby D(ω em ) reflects the probability that the d-band hole scatters from its original position in k-space at the moment of excitation to a position where the emission of a photon of frequency ω can occur (Figure 1, inset) . M(ω em ) is proportional to the matrix element of a d-band hole recombining with an sp-band electron, multiplied by the joint densities of the respective holes and electrons.
In the case of bulk metal, the emission factor G em bulk (ω em ,r⃗ ) = L(ω em ,r⃗ )·T(ω em ) represents the probability L(ω em ,r⃗ ) that the photon travels from the place of origin r⃗ toward the surface of the metal (given by Lambert−Beer's law) and that it is transmitted through the surface T(ω em ) (given by the respective Fresnel coefficient). 3 In order to calculate the external quantum efficiency, which is actually measured, one more term G ex bulk (ω ex ,r⃗ ) needs to be introduced. It is proportional to the probability that a d-band hole is locally excited at the position r⃗ via the absorption of a photon of frequency ω ex .
The totally measurable luminescence spectrum S film (ω em ) of a smooth gold film is then given by 
where integration is carried out over the volume of the film.
In the case of PL from a dimer of gold bipyramids, the goldintrinsic factor F(ω em ) will be the same as for smooth films. However, there will be a substantially modified second contribution G em DBP (ω em ,r⃗ ), including plasmon-enhanced emission of gold fluorescence. Similarly, a plasmon-enhanced excitation of d-band holes will be modified to G ex DBP (ω ex ,r⃗ ). This leads to the fluorescence spectrum
DBP em em DBP ex
where integration needs to be carried out over the volume of the dimers of bipyramids (DBP). The integrals over the products G ex ·G em in eqs 1 and 2 reflect the probability that a dband hole is locally created, and the photon created subsequently inside the metal is emitted. For the latter process, the detector is quasi infinitely far away, and largely a plane wave will be detected. Reciprocity predicts that the light emission probability into a certain direction and mode of polarization can be calculated from the integral of the local intensity enhancement induced within the respective volume (film or dimers of BPs) by an incoming plane wave of amplitude E 0 from this direction and of this particular polarization mode. 32, 42 Hence, G em i (ω em. ,r⃗ ) ∝ |E i (ω em , r⃗ )/E 0 (ω em )| 2 whereby i stands for "bulk" or "DBP" if the field is considered inside the film or the dimer of BPs, respectively. Similarly, the probability that a Nano Letters 
The integrals were evaluated numerically using the Comsol Wave Optics package in frequency domain. The spectra of the calculated PL (polarized 1:10 −3 along the dimer-axis, which is in accord with previous experimental findings 43 ) are shown in Figure 3c ,f,i and reproduce the trend that the PL intensity generally decays with decreasing tip-to-tip distance as shown by the measured spectra in Figures 3b,e ,h in Up−Up, Up−Down, and Down−Down configurations, respectively. However, while the general trend is reproduced, the calculations overestimate the weakening of the PL beyond 800 nm. A possible explanation could be that the gold-intrinsic factor F(ω em ) is in fact different in the case of gold films and gold nanoparticles for wavelengths above approximately 800 nm. This could be explained by either a change in the density of states for sp-band electrons, or by energetic shifts of the Fermi level, the sp-band, or the d-bands due to quantum confinement; however, we do not expect such effects to be too pronounced in the size range of the bipyramids. It may also be that transitions near the L or the X point of the Brillouin zone couple differently to plasmons in different nanoscale geometries. 44 Finally, some corrugations of the thin film may affect the experimental result for S flim (ω em ), while the effect of such corrugations was not included in calculating the integral in eq 1. This would lead to some error for the estimate for F(ω em ) and hence to an error in the normalization in eq 3. However, the surface roughness of the gold film was checked with the AFM and found to be ±0.5 nm (standard deviation) only. Further, if such error due to corrugations in the thin film exists, Figure 3 demonstrates that it will affect the results only for wavelengths above 800 nm.
To illustrate the anticorrelation of hot spot intensity with PL, we calculated the electric field enhancement in the center between the two tips, each at the respective wavelength of maximal field enhancement (solid lines in Figure 4 ). The hot spot intensity increases with decreasing distance d, in contrast to the experimental maximal PL intensity (dots in Figure 4) . Examples for an interparticle distance of 5 nm are shown in the supersets of Figure 4 , evaluated at the peak wavelength of the coupled plasmon resonances at this distance (800 nm for Up− Down and 830 nm for Up−Up and Down−Down). These results clearly show that the intensity inside hot-spots or, generally, the near field intensity outside the metallic nanoparticles 16, 45 cannot predict the amplitude of gold PL in nanostructures in the right way. We note in passing that the tipto-tip distances are too large in our case (specifically for the Up−Down configuration, but also for basically all cases in Up− Up and Down−Down configuration) for tunneling or nonlocal effects to become relevant. 46 It was also found by others that neither the scattering intensity 15, 25, 30 nor the absorption cross section 30 is a trustful measure to predict the redshift-associated decrease of the PL intensity correctly, and more accurate measurements (as they are now available with our nanometer-precise distance control on one and the same BP dimer), as well as a better theory were demanded. 30 For the latter, we argue that eq 3, specifically the integral of the square of the field inside the nanostructure, should be used rather than absorption or scattering cross sections. The absorption cross section is proportional to
em em DBP em 2 3 , which differs from the numerator in eq 3 by a prefactor containing the frequency of the PL emission and the imaginary part of the dielectric function ε″(ω em ). It does not contain the material-intrinsic radiative recombination strength M(ω em ) of electrons below the Fermi edge but contains absorption strengths for d-band electrons excited into empty sp-states above the Fermi edge or sp-intraband absorption, both irrelevant for emission. Using the scattering cross section is similarly problematic, as scattering is an elastic process, while PL is not. Almost needless to state is that if absorption and scattering cross sections have no real physical justification to be used to predict PL enhancement, the extinction cross section should not be used either. Nevertheless, previous reports using spectra of near-field enhancement, absorption or scattering retrieved somewhat satisfactory results for the prediction of PL spectra from gold nanostructures, as plasmonic spectra are broad and all these spectra show similarities and also in the current case, the redshift of the PL is well mirrored in the redshift of the scattering intensity ( Figure 3 ). However, they might also differ substantially from each other 45 as well as from the spectral dispersion of the integral over the inside intensity in some cases.
Finally, we would like to turn to the tiny details in the experimental and simulated PL spectra, namely to the spectral shoulders around 725 nm, which are reproduced well in the simulations in all three cases and also to the side maxima around 625 nm, which are present in the simulations, though slightly shifted to shorter wavelengths compared to the experimental results. Those side-maxima are most pronounced in the case of the Up−Down configuration, so we concentrate our discussion on this configuration. Figure 5a shows the experimentally obtained peak positions for all three spectral features as a function of distance d in the Up−Down configuration (obtained by fitting three Lorentzians, see Supporting Information). For clarity, we restricted the number of experimental spectra in Figure 3 to five, but PL spectra for more distances were measured and the positions of the maxima for all experimentally realized distances are shown in Figure 5a . The redshift of the main resonance (blue dots) with decreasing distance, the blueshift of the shoulder around 725 nm (red triangles), and the redshift of the resonance around 625 nm (black diamonds) are clearly visible for the experimental PL spectra (Figure 5a ) and nicely reproduced by the calculated PL spectra (Figure 5b ) using eq 3. We would like to emphasize that the input for the calculations according to eq 3 was the experimentally determined fluorescence from the film (Figure  1) , the tip-to-tip distance as retrieved from the AFM profiles (for details of the retrieval see Section E of the Supporting Information), the geometry of both bipyramids as described in Section D of the Supporting Information, and the dielectric constants taken from literature. 47 There were no free parameters. Hence the agreement between Figure 5 panel a and b is quite remarkable and a further confirmation of eq 3.
The three pictures in Figure 5c show the field distribution inside the Up−Down dimers at a distance of 5 nm. The color scale gives the x (horizontal) component of the electric field, normalized to the incoming field. The arrows (of unit length) show the direction of the field. The longest wavelength resonance (90°out of phase with the incoming field) is clearly identified to be the resonance where both long axes' plasmons of the two BPs couple in phase, resulting in an overall dipolar mode, which redshifts with decreasing distance. The resonance around 725 nm (52°out of phase with the incoming field) can be associated with the same longitudinal plasmons in the BPs but now coupling almost in antiphase. This results in an overall quadrupolar "dark mode", which blueshifts with decreasing tipto-tip distance.
Indeed, the resonance at 725 nm appears only as a weak shoulder in the PL spectra of Figure 3 , as expected for an overall quadrupolar symmetry. For large distances, the interactions of the longitudinal BP plasmons ceases and hence the spectral positions of the in-phase (blue dots) and antiphase (red triangles) converge at around 750 nm, and this is in accord with the single particle resonances shown in Figure  S2 in the Supporting Information.
For antiphase coupling (red triangles), the symmetry between both longitudinal dipoles is broken in the case of the Up−Down configuration because the downward-oriented tip experiences a higher refractive index due to the glass substrate than the upward tip. This leads to a stronger field for the downward oriented tip, and the broken symmetry leads to more efficient coupling to far field PL radiation than in the Up−Up or the Down−Down configurations. Indeed, the shoulder around 725 nm is weaker in these two cases ( Figure  3 ) than for the Up−Down configuration. The shortest wavelength resonance around 625 nm (at 72°phase shift compared to the incoming field) is a higher order mode, coupling the two quadrupolar BP modes, and it redshifts with decreasing distance. Indeed, there is a valid question why PL supported by such higher order plasmonic modes couples to the far field at all. One possible reason was already mentioned, and that is the asymmetry of refractive indices for upward tips (facing low-index air as surrounding) and downward tips (facing higher-index glass). The size of the pairs of bipyramids also leads to retardation-induced coupling of quadrupoles to far fields. Further discussion, also including considerations why the PL around 625 nm is sometimes more intense in the calculated spectra than in the measured ones, is left to future investigations.
In summary, we have observed and explained an anticorrelation between the PL from dimers of gold bipyramids with hot-spot intensities or scattering spectra. Signatures of PL enhancement are not only visible for the in-phase coupling of the two longitudinal plasmon resonances but also for the out- of-phase coupling (resulting in an overall quadrupolar behavior) and for a coupled mode of two BP quadrupoles. A theoretical model considering the gold-intrinsic recombination probability of d-band holes and the square of the electric field integrated over the volume of the dimer of bipyramids agrees with the experimental findings. This model (eq 3) can be applied to any other plasmonic structure of nanoscale geometry, as well, but also to other micro-and nanoscale Mie-type resonators, for instance, the recently reported silicon nanoparticles. 48, 49 Equation 3 will also remain valid when gold nanostructures are electrically excited in a sort of nanoscale cathodoluminescene 50 or by X-rays 51 if the optical excitation factor |E(ω ex )/E 0 (ω ex )| 2 is replaced by the respective local excitation probability of d-band holes. Our findings have implications in all cases where the PL from noble metal nanostructures shall be applied, for instance, for biomedical imaging 18, 19 or for fluorescent read-out of ultradense, multidimensional data storage. 20 The finding that even quadrupolar plasmonic resonances can support gold-intrinsic PL may trigger further research on the interaction of even higher order multipoles with PL stemming from d-band hole recombination.
Methods. The BPs were wet-chemically synthesized using a seed-mediated-growth method in aqueous solution.
36 Subsequently, the BPs in solution were drop cast on a clean transparent glass substrate. The glass substrate was placed on a three-axis piezo-controlled scanning stage on top of an inverted microscope, carrying a three axes-controlled AFM head (NanoWizard 3, JPK Instruments, Berlin) on top. The side port of the microscope was connected to a spectrometer. This setup allows for simultaneous AFM manipulation, dark-field scattering spectroscopy, and PL spectroscopy. For the latter, a 405 nm CW excitation laser was used. Further details on the experimental setup can be found in the Supporting Information.
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